Synaptic refinement via the elimination of inappropriate synapses and strengthening of appropriate ones is crucially important for the establishment of specific, topographic neural circuits. The mechanisms driving these processes are poorly understood, particularly concerning inhibitory projections. Here, we address the refinement of an inhibitory topographic projection in the auditory brainstem in functional and anatomical mapping studies involving patch-clamp recordings in combination with minimal and maximal stimulation, caged glutamate photolysis, and single axon tracing. We demonstrate a crucial dependency of the refinement on Ca V 1.3 calcium channels: Ca V 1.3 Ϫ/Ϫ mice displayed virtually no elimination of projections up to hearing onset. Furthermore, strengthening was strongly impaired, in line with a reduced number of axonal boutons. The mediolateral topography was less precise and the shift from a mixed GABA/ glycinergic to a purely glycinergic transmission before hearing onset did not occur. Together, our findings provide evidence for a Ca V 1.3-dependent mechanism through which both inhibitory circuit formation and determination of the neurotransmitter phenotype are achieved.
Introduction
The establishment of precise, often topographically organized synaptic connections is essential for the formation of specific neuronal circuits and, ultimately, for proper brain function. Neuronal circuits are initially imprecisely formed, yet become subsequently sculptured by synaptic refinement, a developmental key process consisting of selective elimination of redundant immature synapses and strengthening of remaining ones (Kano and Hashimoto, 2009) . The process critically depends on neuronal activity (Katz and Shatz, 1996; Kakizawa et al., 2000; Lichtman and Colman, 2000; Lorenzetto et al., 2009 ), but the molecular basis is not well understood. In the CNS, synaptic refinement has been extensively studied at excitatory projections, e.g., the retinogeniculate synapses (Chen and Regehr, 2000) ; the whisker-related somatosensory synapses in the brainstem (Rudhard et al., 2003) , thalamus (Wang et al., 2011) , and cortex (Erzurumlu and Kind, 2001) ; and the olivocerebellar climbing fiber-Purkinje cell synapses (Hashimoto and Kano, 2003) . Refinement of inhibitory synapses has been studied much less. A very favorable model system for developmental studies of inhibitory synapses is provided in the auditory brainstem by the projection from the medial nucleus of the trapezoid body (MNTB) to the lateral superior olive (LSO) (Sanes and Friauf, 2000; Kandler, 2004) . In mice, the number of axons of MNTB neurons projecting to one LSO neuron is reduced more than twofold within the first 2 postnatal weeks, accompanied by an increase of synaptic strength of the remaining ones Kandler, 2003, 2010; Noh et al., 2010) . This process is completed by hearing onset at approximately postnatal day 12 (P12) (Walcher et al., 2011) . The mechanisms driving this refinement remain poorly understood.
The fact that Ca V 1 calcium channels (alias L-type channels) are involved in the development of glycinergic synapses (Kirsch and Betz, 1998) prompted us to analyze a role of Ca V 1.3 in map formation and refinement in the MNTB-LSO projection. Ca V 1.3 is one of the two Ca V 1 isoforms present in the brain (SinneggerBrauns et al., 2009) , and functional expression in LSO neurons was shown previously . Ca V 1.3 and Ca V 1.2 are predominantly localized to the somatic and dendritic compartments (Hell et al., 1993; Sukiasyan et al., 2009) . They are candidate molecules for controlling circuit refinement, as they mediate calcium influx that modulates transcription regulation (Greer and Greenberg, 2008) and are involved in synaptic plasticity (Kasyanov et al., 2004; Moosmang et al., 2005) . We previously reported defects in the cytoarchitecture of auditory brainstem nuclei in Ca V 1.3 Ϫ/Ϫ mice, implying a crucial developmental role of Ca V 1.3 . Here, we demonstrate a strongly impaired refinement of the topographic MNTB-LSO projection in Ca V 1.3 Ϫ/Ϫ mice. We also show that the mediolateral topography is less precise in Ca V 1.3 Ϫ/Ϫ . Finally, synaptic transmission in 2-week-old Ca V 1.3 Ϫ/Ϫ mice included a GABAergic component not present in wild types (WTs). Together, our results argue for an indispensable role of Ca V 1.3 in the development of inhibitory circuits.
Materials and Methods
Animals. Experiments were performed on male and female WT and Ca V 1.3 Ϫ/Ϫ mice. The latter lack the ␣ 1 subunit of Ca V 1.3 (Platzer et al., 2000) . Both genotypes were bred on a C57BL/6N background. Their treatment was in accordance with the German law for conducting animal experiments and followed the NIH guide for the care and use of laboratory animals.
Immunohistochemistry. The great majority of steps were performed as described previously . Primary antibodies were as follows: rabbit-anti-vesicular amino acid transporter (VIAAT) antibody (a generous gift from B. Gasnier, Institut de Biologie Physico Chimique, CNRS, Paris, France), 1:2000; guinea-pig-anti-glycine transporter 2 (GlyT2) antibody (1:10,000; Millipore Bioscience Research Reagents); mouse-anti-MAP2 antibody (1:1000; Millipore Bioscience Research Reagents); mouse-anti-GAD65 (1:1000; Millipore); mouse-anti-GAD67 (1: 2000; Millipore). Secondary antibodies (goat-anti-rabbit Alexa Fluor 488, goat-anti-guinea pig Alexa Fluor 488, goat-anti-mouse Alexa Fluor 488; goat-anti-mouse Alexa Fluor 546, goat-anti-rabbit Alexa Fluor 568, goatanti-guinea pig Alexa Fluor 568) were obtained from Invitrogen and diluted 1:1000. Images from histological specimens were taken on an LSM 510 confocal microscope (Zeiss) equipped with an argon laser, a helium neon laser, and appropriate excitation and emission filters. A Plan-Neofluar 10ϫ/0.3 or a Plan-Neofluar 40ϫ/1.3 oil objective (Zeiss) was used, and pinhole settings were chosen to achieve optical sections of Ͻ12 or Ͻ1 m thickness, respectively. Images were further processed with Zeiss LSM Image browser software 2.80 (Zeiss) and ImageJ 1.34s (NIH). To minimize the possibility of inadvertently biasing results, intensity measurements and counting of perisomatic boutons were performed without prior knowledge of the genotype. Quantification of immunosignals was done in ImageJ, with the experimenter being blind to the genotype [40ϫ images; region of interest (ROI), 120 ϫ 70 m; equivalent to 328,125 pixels]. Background substraction (rolling ball radius, 20 pixels) was performed for gray value analysis (8 bit scale). To determine the number of immunoreactive boutons, threshold adjustment was done manually to obtain binary images, and the watershed routine was applied for particle separation. Particles were identified as boutons if their size ranged between 0.435 and 2.202 m
2
. These values were obtained by measuring the size of particles that were identified as boutons in the original images. Larger particles were assumed to be accumulations of boutons, and their size was divided by the average bouton size to yield the bouton number.
Electrophysiology. Patch-clamp recordings on LSO neurons were performed in the wholecell configuration at room temperature in acutely isolated brainstem slices. Animals were decapitated and their brains were quickly removed. Coronal brainstem slices containing the superior olivary complex (270 -300 m thick, 1-2 slices per animal) were vibrocut (VT1000 or VT1200 S; Leica) in ice-cold solution [containing the following (in mM): 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 260 D-glucose, 2 Na-pyruvate, 3 myoinositol, and 1 kynurenic acid, pH 7.4, when bubbled with 95% O 2 -5% CO 2 ] and stored at 37°C for 1 h in artificial CSF [ACSF; containing the following (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 D-glucose, 2 Na-pyruvate, 3 myo-inositol, and 0.44 ascorbic acid, pH 7.4, when bubbled with 95% O 2 -5% CO 2 ]. Thereafter, they were stored at room temperature before being transferred into a recording chamber in which they were continually superfused with ACSF. The chamber was mounted on an upright microscope (Eclipse E600FN; Nikon) equipped with differential interference contrast optics (Nikon objectives, 4ϫ CFI Achromat, 0.1 NA; 60ϫ CFI Fluor W, 1.0 NA) and an infrared video camera system (CCD camera VX45, Optronics, or CCD camera VX44, PCO Computer Optics; PC frame grabber card, pciGrabber-4plus, Phytek).
Patch pipettes were pulled from borosilicate glass capillaries [GB150(F)-8P; Science Products] with a horizontal puller (P-87; Sutter Instruments). They had resistances of 3-6 M⍀ when filled with intracellular solution and were connected to an EPC9 or EPC10 patch-clamp amplifier (HEKA Elektronik). Composition (in mM) of the intracellular solutions was as follows: for minimal and maximal electrical stimulation and NMDA component analysis, 72 Cs-methanesulfonate, 58 CsCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 5 QX314, 2 Na 2 ATP, 0.3 Na 2 GTP; [liquid junction potential (LJ), Ϫ9.7 mV]; For electrical stimulation concerning GABA and glycinergic components, 135 K-gluconate, 1 EGTA, 10 HEPES, 2 MgCl 2 , 0.1 CaCl 2 , 2 Na 2 ATP, 0.3 Na 2 GTP (LJ, Ϫ16.7 mV); for recordings from MNTB neurons and cell fills: 100 K-gluconate, 30 KCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 2 Na 2 ATP, 0.3 Na 2 GTP (LJ, Ϫ11.7 mV); for mapping experiments and recordings of mIPSCs, 130 KCl, 5 EGTA, 10 HEPES, 1 MgCl 2 , 2 Na 2 ATP, 0.3 Na 2 GTP (LJ, Ϫ3.5 mV), pH 7.2 with CsOH or KOH, respectively. Sample frequency was 10 -20 kHz, and cutoff frequency of low-pass filtering was 2.8 -8.3 kHz. Series resistance was routinely compensated by 50 -90%. Recordings were performed in voltage-clamp mode with a holding potential of Ϫ70 mV, unless noted otherwise. For extracellular recordings of MNTB cells, patch pipettes were filled with ACSF.
To electrically evoke IPSCs, a glass electrode with a tip diameter of 15-25 m was filled with ACSF and placed lateral to the MNTB. In case of minimal and maximal stimulation protocols, 100-s-long monopolar pulses were applied through a programmable pulse generator (STG 1004 or STG 4002; Multi Channel Systems) . Excitatory transmission was blocked with 20 M CNQX (Ascent Scientific) and 50 M D-AP5 (Ascent Scientific). To stimulate an axon of a single MNTB neuron, the stimulus intensity was set to a value resulting in 50% or more failures at 0.2 Hz stimulation frequency (typically 20-60 A). The average peak amplitude of 30 -85 successful responses was taken as the strength of the axon of a single MNTB neuron. Response amplitudes to minimal stimulation often showed some degree of variance (see Figs. 2, 3), as was observed previously (Noh et al., 2010) . Multiple axon stimulation is unlikely, because the variance has also been demonstrated via paired recordings of MNTB and LSO neurons (Kim and Kandler, 2011) . For five neurons of each group, IPSCs were identified by a second person who was blind to genotype and age: the value for the average single fiber strength per group differed not Ͼ5% between the two experimenters. Three of 63 LSO neurons displayed an unusually long decay and small synaptic responses. They most likely belonged to the nonprimary type of olivocochlear LSO neurons (Sterenborg et al., 2010) and were excluded. To activate all MNTB axons converging onto a given LSO neuron, stimulus amplitudes were increased in 10 A steps at 0.2 Hz until a plateau was reached or further increases in stimulus strength resulted in reduced response amplitudes. In all cases, at least 900 A were applied. To eliminate the jitter of responses, the peak amplitudes of five consecutive IPSCs were averaged with an overlap of two responses to the previous bin. The highest bin value was considered as the maximal response at which all axons converging onto a single LSO neuron were activated. For paired-pulse ratio (PPR), 10 responses evoked by 300 A stimulation were analyzed per neuron. The PPR was calculated by dividing the second peak amplitude by the first. Experiments concerning the NMDA component of the MNTB-LSO circuit were performed with near maximal stimulation intensity at 0.2 Hz; 10 IPSCs were averaged.
In experiments concerning glycinergic and GABAergic components of IPSCs, stimulus pulses were shaped with a pulse generator (Master 8, A.M.P.I.) and applied through a stimulus isolator unit (A360; World Precision Instruments) at 1 Hz. Forty successful responses were averaged. Excitatory transmission was blocked with 5 mM kynurenic acid.
mIPSCs were recorded for 5 min in 1 M tetrodotoxin and 5 mM kynurenic acid. To assess differences in peak amplitude, those of the first 35 mIPSCs of each neuron were pooled (limited number due to low mIPSC rates in Ca V 1.3 Ϫ/Ϫ ). Analyses of rise time and decay time constants were performed in MiniAnalysis 6.0.3 (Synaptosoft). Events were first fitted with a monoexponential decay. A biexponential decay was used if it led to an increase of the R 2 value by at least 0.03. Events were rejected if the R 2 value was lower than 0.5, resulting in 3001 mIPSCs from 7 WT neurons and 789 mIPSCs from 7 Ca V 1.3 Ϫ/Ϫ neurons. For monoexponential mIPSCs, the amplitude of the slow component was considered to be 0 pA. For events evoked by electrical stimulation, the first 10 -20 responses were analyzed with regard to decay time as described above, and in case of a double exponential decay, the two values were weighted with regard to their contribution in amplitude. Strychnine, gabazine, kynurenic acid, and tetrodotoxin were obtained from Sigma-Aldrich.
Mapping experiments. MNI-caged glutamate (200 M; Tocris Bioscience) was added to the ACSF. To reduce the consumption of MNI-caged glutamate, a total volume of 10 -20 ml of ACSF was recycled for a few hours. The setup was equipped with a 378 nm laser diode (Oxxius Violet, Oxxius). The laser beam was shrunken three times (lenses and tubes from Thorlabs) before it was focused through the 60ϫ objective. The setup was mounted on an automated positioning table (HT1111; Prior Scientific). After an LSO neuron was successfully patch clamped, MNI-caged glutamate was photolyzed in the region of the MNTB with 10-ms-long pulses of 1.8 mW laser power. The microscope was systematically moved every 0.5 s in a serpentine, zig-zag-like pattern, each time repositioning it 20 m along a rectangular grid. By doing so, the complete MNTB was covered, resulting in 200 -400 uncaging sites. A second, more focal raster was used at the sites at which uncaging led to synaptic responses in the recorded LSO neuron ("hot spots"). Here, 10 m steps, pausing for 5 s, and 10-ms-long 1.5 mW laser pulses were used. The fine raster was programmed to cover at least the region of the initial hot spots plus 10 m surrounding. The focus of the beam was always set 50 m into the slice to compensate for the loss of intensity. The coordinates of ϳ10 locations at the borders of MNTB and LSO given by the software of the positioning table were noted, and images of the slices were stored. Together with the coordinates of recorded neurons and input areas, this allowed the reconstruction of MNTB-LSO projection maps. Slight adjustments were made off-line to horizontally orientate the mediolateral axis of the slice.
For stimulus conditions control, uncaging was performed in an area with a 100 m radius around an extracellularly recorded MNTB neuron. Values of step size, laser intensity, and settle time between pulses were the same as in the fine raster mapping experiments. To determine the action potential (AP) threshold of MNTB neurons, the spot of the laser diode was focused directly on the recorded MNTB neuron, and 10-ms-long uncaging pulses were given with increasing intensity (0.15 mW steps) until an AP was evoked. Experiments concerning the diameter of the AP-evoking uncaging spot were performed in whole-cell patch-clamp recordings. Despite the change in intracellular milieu, AP thresholds (WT, 1.11 Ϯ 0.07 mW, n ϭ 9; Ca V 1.3 Ϫ/Ϫ , 1.16 Ϯ 0.04 mW, n ϭ 9) did not differ from the values obtained with extracellular recordings (WT, 1.21 Ϯ 0.04 mW, n ϭ 11, p ϭ 0.22; Ca V 1.3 Ϫ/Ϫ , 1.09 Ϯ 0.06 mW, n ϭ 10, p ϭ 0.28). Therefore, we assume that the data obtained via patch-clamp recordings represent the firing behavior of MNTB neurons with native intracellular milieu.
Tracing. Preparation and setup were as described above in Electrophysiology. A glass electrode with a tip diameter of 5-7 m containing 10% Microruby or dextran tetramethylrhodamine (3000 molecular weight; Invitrogen) in ACSF was moved 15 m into the MNTB. The dye was pressure injected by applying a series of 400 -600 and 300-ms-long pulses (10 -15 psi, 1 Hz picospritzer; PDES-2T; NPI). In some cases, single MNTB neurons were patch-clamped as described above with 0.5% biocytin (Biomol) added to the pipette solution. Current pulses of 100 ms duration and 15 pA amplitude were applied 30 times, and the patch pipette was then slowly retracted. Slices were stored in ACSF for 2-4 h, after which they were transferred into 4% PFA at 4°C and stored overnight. In case of biocytin fills, slices were stored in 25% sucrose and 10% glycerol in 0.01 M phosphate buffer, pH 7.4, and subsequently frozen at Ϫ80°C for 10 min. After thawing and rinsing in 0.5% Triton X-100/PBS, slices were blocked for 1 h in 3% bovine serum albumin, 10% goat serum, and 0.3% Triton X-100 in PBS, pH 7.4. Streptavidin conjugated with Cy3 (Jackson ImmunoResearch) was added to a final concentration of 1:200. After 90 min incubation, slices were rinsed in PBS, mounted, and air dried. Homemade mounting medium including antifading substances was used to cover the sections. Images were taken on an LSM 700 confocal microscope (Zeiss) equipped with a solid state laser (555 nm) and a 559 nm long-pass filter. A Plan-Neofluar 40ϫ/1.3 objective (Zeiss) was used, and pinhole settings were chosen to achieve optical sections of 1 m thickness. Typically, two to three axons showed successful tracing. Axons were reconstructed using the ImageJ plug-in Fiji medicine. Convex hull analysis was performed on MNTB arbors starting from the first branch point in the LSO using the ImageJ plug-in FracLac. For four traced axons per group, boutons were recounted by a second person who was blind to the genotype. The average count per group differed Ͻ5% between the experimenters. Overviews of the superior olivary complex were obtained with an Axioskop 2 fluorescence microscope (Zeiss) equipped with a CCD camera (DP-20; Olympus) and a Plan-Neofluar 5ϫ/0.15 objective (Zeiss) using cell-F 3.0 (Olympus). Slight adjustments of intensity and contrast were made off-line.
Statistics. To assess for statistical significance between all data sets except mIPSC amplitudes, data sets were checked for Gaussian distribution (Kolmogorov-Smirnov), and outliers (more than four times standard deviation above or below mean value) were excluded. Unless noted otherwise, a paired or unpaired two-tailed Student's t test was performed, with significance values of p Ͻ 0.05, p Ͻ 0.01, and p Ͻ 0.001. In case of a non-Gaussian distribution, a U test was performed with significance values as for the t test (Winstat; R. Fitch Software). Mean values and SEM are provided throughout this paper. Significant differences of mIPSC amplitudes were assessed with the Kolmogorov-Smirnov test (R software; Statistics Department of the University of Auckland, Auckland, New Zealand). (Platzer et al., 2000) display a significantly size-reduced and malformed LSO, characterized by the lack of the typical U shape present in WT . By using immunofluorescence histochemistry against the VIAAT and GlyT2, two markers for inhibitory synapses (Poyatos et al., 1997; Dumoulin et al., 1999) , these abnormalities were confirmed at P12 (Fig. 1 A-F ) and P30 (Fig. 1G,H ) . Nevertheless, the presence of the markers suggested that inhibitory inputs to Ca V 1.3 Ϫ/Ϫ LSO neurons are established.
Results

Impaired developmental strengthening and elimination of MNTB-LSO projections in
To assess for functional inhibitory input, we performed whole-cell recordings from visually identified LSO principal neurons and electrically stimulated axons of MNTB neurons to evoke IPSCs. At P2-P4, minimal stimulation, likely to activate only a single axon (Stevens and Wang, 1994) , evoked IPSCs of small and similar amplitude in both genotypes (WT, 33.6 Ϯ 4.3 pA, n ϭ 10; Ca V 1.3 Ϫ/Ϫ , 35.3 Ϯ 4.9 pA, n ϭ 10; p ϭ 0.8; Fig. 2 A, B,E) . The IPSCs represented inward currents because of the high intracellular chloride concentration used. To activate all MNTB axons converging onto a given LSO neuron, stimulus amplitudes were increased until a plateau was reached or further increases in stimulus strength resulted in reduced response amplitudes Kandler, 2003, 2010) . The maximal response amplitudes also did not differ between WT and Ca V 1.3 Ϫ/Ϫ (WT, 0.51 Ϯ 0.14 nA, n ϭ 13; Ca V 1.3 Ϫ/Ϫ , 0.58 Ϯ 0.15 nA, n ϭ 13; p ϭ 0.75; Fig. 2C-E Fig. 3 A, B ,E) and twofold weaker maximal response amplitudes (WT, 2.02 Ϯ 0.39 nA, n ϭ 14; Ca V 1.3 Ϫ/Ϫ , 0.94 Ϯ 0.27 nA, n ϭ 18; p ϭ 0.024; Fig. 3C-E) . These results suggest a drastically impaired developmental strengthening and elimination of MNTB-LSO projections in Ca V 1.3 Ϫ/Ϫ . Interestingly, the single axon strength in WT increased sevenfold between P2 and P4 and between P10 and P12 ( p ϭ 0.0028), whereas the maximal response increased only fourfold ( p ϭ 0.0021). We estimated the average number of axons converging onto one LSO neuron by calculating the ratio between the average maximal and the average single axon response. By doing so, we determined 15 axons at P2-P4 and 8 axons at P10 -P12. These values are in line with those reported by Noh et al. (2010) . Results obtained from Ca V 1.3 Ϫ/Ϫ mice were dramatically different, as the single axon strength increased merely by a factor of two between P2 and P4 and between P10 and P12 ( p ϭ 0.012). Even more strikingly, the maximal response did not increase significantly ( p ϭ 0.26). Estimation of average axon numbers yielded 16 at P2-P4 and 15 at P10 -P12, demonstrating virtually no elimination of projections, in clear contrast to the WT (Fig. 3F ).
Smaller mIPSC amplitudes and fewer synaptic boutons in
The weaker single axon strength in P10 -P12 Ca V 1.3 Ϫ/Ϫ LSO neurons can result from a reduced release probability of synaptic vesicles, a smaller quantal size, postsynaptic changes, and/or a lower number of release sites. Interestingly, PPR did not differ between genotypes (WT, 0.91 Ϯ 0.09, n ϭ 6; Ca V 1.3 Ϫ/Ϫ , 0.90 Ϯ 0.06, n ϭ 6; p ϭ 0.91; Fig. 4 A) , arguing against a lower release probability. To assess for a smaller quantal size and changes in postsynaptic properties, mIPSCs were recorded from P11-P13 LSO neurons. Their rate was reduced in Ca V 1.3 Ϫ/Ϫ (WT, 3.4 Ϯ 1.1 s Ϫ1 , n ϭ 7; Ca V 1.3 Ϫ/Ϫ , 0.6 Ϯ 0.2 s Ϫ1 , n ϭ 7; p ϭ 0.04; Fig. 4 B) . The distribution of mIPSC peak amplitudes (mean WT, 61.2 pA; Ca V 1.3 Ϫ/Ϫ , 45.4 pA) was significantly different ( p ϭ 3.93 ϫ 10 Ϫ10 , Kolmogorov-Smirnov; 35 events per neuron; Fig. 4C ). The 50% value Kim and Kandler (2010) .
To assess the issue of release sites morphologically, axons of single MNTB neurons were traced in P10 -P12 slices ( Fig.  5A-C) . The number of boutons on single MNTB axon arbors in the LSO was reduced by 51% in Ca V 1.3 Ϫ/Ϫ (WT, 154 Ϯ 28, n ϭ 6; Ca V 1.3 Ϫ/Ϫ , 76 Ϯ 6, n ϭ 6; p ϭ 0.04; Fig. 5D-F ) . The number of branch points was reduced by a similar amount (47%, WT, 36 Ϯ 6, n ϭ 8; Ca V 1.3 Ϫ/Ϫ , 19 Ϯ 3, n ϭ 8; p ϭ 0.022; Fig.  5D-F ) . While these twofold reductions do not explain the fourfold lower single axon strength at a first glance, one has to take into account that a Ca V 1.3 Ϫ/Ϫ LSO neuron at P10 -P12 is innervated by approximately two times more MNTB neurons than its WT counterpart (15 vs 8, see Fig. 3F ). Based on these data and our previous finding that the ratio of MNTB to LSO neurons is very similar between Ca V 1.3 Ϫ/Ϫ and WT at P12 (1.4 vs 1.6) Fig. 5G,H) .
The structural development of the MNTB-LSO projection is characterized by an increase in the LSO area occupied by single MNTB axon arbors until P10 -P13, with an unchanged percentage of the covered LSO area (Sanes and Siverls, 1991 Fig. 5D-F ) , which is another indication of impaired development. As expected, the percentage of the LSO area occupied by single axon arbors did not differ between genotypes (WT, 20.0 Ϯ 3.6%, n ϭ 8; Ca V 1.3 Ϫ/Ϫ , 15.6 Ϯ 3.1%, n ϭ 8; p ϭ 0.38; Fig. 5F ). At a first glance, this appears to be counterintuitive to a higher convergence ratio in al., 2011), implying that changes in the cytoarchitecture of these postsynaptic neurons contribute to the higher convergence ratio.
Broader synaptic input width of LSO neurons in Ca V 1.3
Ϫ/Ϫ
A hallmark of the development of the inhibitory MNTB-LSO map is a twofold sharpening of functional topography via elimination of projections (Kim and Kandler, 2003; Noh et al., 2010) . As the elimination is impaired in Ca V 1.3 Ϫ/Ϫ mice (Fig. 3) , one would expect a larger area of the MNTB projecting to one LSO neuron. To focus on this issue, MNI-caged glutamate was photolyzed focally in the MNTB of P10 -P12 animals while recording from a single LSO neuron ("mapping"). The region in which uncaging evoked synaptic responses in a fine raster protocol was defined as the input area of a single LSO neuron (for details, see Materials and Methods). In Ca V 1.3 Ϫ/Ϫ , the input area was twofold broader along the mediolateral axis (WT, 23.5 Ϯ 3.6 m, n ϭ 22; Ca V 1.3 Ϫ/Ϫ , 42.7 Ϯ 4.9 m, n ϭ 22; p ϭ 0.0029; Fig. 6 ), nicely matching with the nearly twofold higher number of axons converging onto one LSO neuron. In contrast, the width along the dorsoventral axis was unchanged (WT, 42.1 Ϯ 9.8 m, n ϭ 22; Ca V 1.3 Ϫ/Ϫ , 48.7 Ϯ 7.8 m, n ϭ 22; p ϭ 0.6). Repeating the mapping in WT in some cases to test the reliability of our experimental setup revealed no differences between runs (23. To determine the spatial resolution of the uncaging setup, we estimated the diameter of the AP-evoking uncaging spot. To do so, the uncaging spot was moved in 0.5 m steps toward the soma of the recorded MNTB neuron until APs were evoked (Fig. 7C,D) . The size of the APevoking spot was similar in WT (10.9 Ϯ 1.7 m; n ϭ 9) and Ca V 1.3 Ϫ/Ϫ (8.4 Ϯ 0.9 m; n ϭ 9; p ϭ 0.22) when the spot was in focus of the MNTB soma. The focus was then set 50 m into the slice as done in the mapping experiments to compensate for the loss of intensity in the tissue. As expected, the diameter of the spot increased to 20.0 Ϯ 4.3 m (n ϭ 9) in WT and 15.5 Ϯ 2.0 m (n ϭ 9) in Ca V 1.3
, but it did not differ between genotypes (p ϭ 0.36).
Imprecise mediolateral topography of the MNTB-LSO projection in
The data obtained in the mapping experiments allowed a reconstruction of the MNTB-LSO projection, in which the straight mediolateral pattern in the MNTB is mapped onto a curved mediolateral pattern in the LSO (Guinan et al., 1972; Sanes and Siverls, 1991) . Taking the medial and lateral border as 0 and 100%, respectively, the percentile was assigned to both the LSO soma and the center of the corresponding input area within the MNTB (Fig. 8 A, B) . As the Ca V 1.3
LSO is uncurved, we assumed a straight topographic axis. As expected, the locations of input areas and LSO neurons highly correlated in P10 -P12 WT mice (R 2 ϭ 0.87; Fig. 8C ). In comparison, Ca V 1.3 Ϫ/Ϫ maps displayed an R 2 value of 0.64, demonstrating a roughly mediolateral topography, albeit less ordered (Fig.  8 D) . Although a straight line is a reasonable first-order assumption, it is also possible that the tonotopic axis is still curved in the Ca V 1.3 Ϫ/Ϫ LSO. To take this caveat into account, we projected U-shaped axes into the Ca V 1.3 Ϫ/Ϫ LSOs. We obtained an R 2 value of 0.66, which did not differ from the one obtained in the straight map, indicating that the caveat is of no concern. The positions of the recorded LSO neurons were not correlated with the mediolateral input widths, neither in WT (R 2 ϭ 0.03) nor in Ca V 1.3 Ϫ/Ϫ (R 2 ϭ 0.13, straight tonotopic axis). The same holds true for the dorsoventral input widths (WT, R 2 ϭ 0.06; Ca V 1.3 Ϫ/Ϫ , R 2 ϭ 0.03). This implies that there is no topographic gradient of the number of MNTB neurons projecting to one LSO neuron.
Generating an overlay of all maps and assigning a color code to each LSO soma that corresponds to the appropriate location of its input area clearly visualized the impaired topographic precision in Ca V 1.3 Ϫ/Ϫ . In WT, projections from the mediolateral MNTB quarters terminated in confined LSO regions with very little overlap (Fig. 8 E) . Overlap occurred only between quarter one and two, which shared 5.9% in common. In contrast, projections from the MNTB quarters terminated in a less confined manner in the Ca V 1.3 Ϫ/Ϫ LSO, as evidenced by considerable overlap between adjacent quarters (one/two, 10.4%; two/three, 8.9%; three/four, 9.9%).
Impaired downregulation of GABAergic component in
Ca V 1.3 Ϫ/Ϫ around hearing onset Synaptic responses of the MNTB-LSO projection become briefer during development (Nabekura et al., 2004; Kim and Kandler, 2010) . The decay time constant of IPSCs evoked by minimal stimulation decreased markedly with age in WT, but not in Ca V 1.3 Ϫ/Ϫ (WT, P2-P4, 17.8 Ϯ 2.5 ms, n ϭ 7; P10 -P12, 6.4 Ϯ 0.7 ms, n ϭ 13; p ϭ 0.0033; Ca V 1.3 Ϫ/Ϫ , P2-P4, 16.9 Ϯ 2.5 ms, n ϭ 10; P10 -P12, 10.8 Ϯ 1.7 ms, n ϭ 13; p ϭ 0.05, Fig. 9 A, B) . Whereas both genotypes did not differ at P2-P4 (p ϭ 0.79), responses at .C,D,CorrelationbetweencenterofinputareaswithintheMNTBandlocationofrecordedLSOneurons.Percentagevaluesand romannumeralsasdepictedinAandB.E,SemischematicoverlayofallLSOsomata,withacolorcodewithrespecttothecenteroftheinput area in MNTB (purple and red correspond to medial and lateral, respectively). Gray areas depict projections originating from the four mediolateral MNTB quarters (light and dark gray correspond to medial and lateral, respectively). , P2-P4, 2.32 Ϯ 0.3 ms, n ϭ 10; P10 -P12, 1.33 Ϯ 0.19 ms, n ϭ 13; p ϭ 0.008) but did not differ between genotypes (P2-P4, p ϭ 0.18; P10 -P12, p ϭ 0.34).
P10 -P12 lasted longer in
During early development, the MNTB-LSO projection involves a combination of GABAergic and glycinergic transmission, with the GABAergic component becoming reduced with age (Kotak et al., 1998; Nabekura et al., 2004) . In mice, only the glycinergic transmission remains around hearing onset (Kim and Kandler, 2010) . As GABA receptors display slower kinetics than glycine receptors (Jonas et al., 1998) , our results of IPSC kinetics may be explained by an impaired downregulation of the GABAergic component in Ca V 1.3 Ϫ/Ϫ . To assess the contribution of a fast and a slow component to synaptic transmission, all P11-P13 mIPSCs were best fitted concerning their decay characteristics (monoexponential or biexponential) (for details, see Materials and Methods). Both genotypes displayed monoexponential and biexponential mIPSCs (Fig. 9C,D) . The fast decay time constant (pooled monosynaptic decays and fast component of biexponential decays) did not differ between genotypes (WT, 2.8 Ϯ 0.3 ms, n ϭ 7; Ca V 1.3
, 5.0 Ϯ 1.0 ms, n ϭ 7; p ϭ 0.082; Fig. 9E ), and the same result was found for the slow decay time constant of biexponential mIPSCs (WT, 14.3 Ϯ 1.6 ms, n ϭ 7; Ca V 1.3 Ϫ/Ϫ , 14.9 Ϯ 2.3 ms, n ϭ 7; p ϭ 0.85; Fig. 9E ). However, the fraction of biexponential mIPSCs was twofold larger in Ca V 1.3 Ϫ/Ϫ (WT, 18.6 Ϯ 1.8%, n ϭ 7; Ca V 1.3 Ϫ/Ϫ , 33.5 Ϯ 4.8%, n ϭ 7; p ϭ 0.02; Fig. 9F ). Likewise, the contribution of the slow component to the peak amplitude was twofold larger in Ca V 1.3
, pointing toward a considerable GABAergic component in Ca V 1.3 Ϫ/Ϫ close to hearing onset (WT, 9.8 Ϯ 1.0%, n ϭ 7; Ca V 1.3 Ϫ/Ϫ , 18.7 Ϯ 2.8%, n ϭ 7; p ϭ 0.019; Fig. 9F ).
In the next set of experiments, we again elicited IPSCs in LSO neurons by electrically stimulating MNTB axons. Because of the low intracellular chloride concentration used, IPSCs were outward currents. In P11-P13 WT neurons, the responses were completely blocked by 1 M strychnine (n ϭ 4), whereas they were incompletely blocked in age-matched Ca V 1.3 Ϫ/Ϫ neurons (75.5 Ϯ 10.3%; n ϭ 6; p ϭ 0.0083; U test; Fig. 9G,H ) . The strychnine-resistant component was completely blocked by the addition of 10 M gabazine. These results imply an impaired developmental downregulation of the GABAergic component in the MNT-B-LSO projection in Ca V 1.3 Ϫ/Ϫ . Nevertheless, an impaired developmental change of the glycine receptor subunits, which would hinder the fastening of decay kinetics (Takahashi et al., 1992; Singer et al., 1998) , may also be involved. Together, the results from our pharmacological/electrophysiological experiments corroborate the conclusion of impaired inhibitory neurotransmission in the MNTB-LSO projection of Ca V 1.3 Ϫ/Ϫ mice.
Immunohistochemical analysis of GABAergic and glycinergic synapses in the LSO
To further address the issue of an impaired developmental downregulation of GABAergic neurotransmission in the LSO of Ca V 1.3 Ϫ/Ϫ mice, we extended our study toward an anatomical analysis and performed quantitative immunohistochemical experiments. To do so, we used antibodies against GAD65/GAD67 (glutamate decarboxylase isoforms 65 and 67) and GlyT2 as specific markers for GABAergic and glycinergic synapses, respectively. Quantification of the GlyT2 immunofluorescent signals (gray value analysis; ROI in the central LSO; size, 120 ϫ 70 m) at P12 revealed 1.5-fold higher values for WT than for Ca V 1.3 Ϫ/Ϫ mice (WT, 13.9 Ϯ 1.1, n ϭ 12 ROIs in 3 animals; Ca V 1.3 Ϫ/Ϫ , 9.1 Ϯ 0.5, n ϭ 12 ROIs in 3 animals; p ϭ 0.0007; Fig. 10 A-C) . The reverse pattern was found for GAD65/67, as immunoreactivity was significantly higher in Ca V 1.3 Ϫ/Ϫ (WT, 8.3 Ϯ 0.5, n ϭ 20 ROIs in 3 animals; Ca V 1.3 Ϫ/Ϫ , 10.5 Ϯ 0.6, n ϭ 20 ROIs in 3 animals; p ϭ 0.008; Fig. 10 D--F ) . Together, these results are consistent with the electrophysiological findings of an impaired downregulation of GABAergic transmission upon loss of Ca V 1.3 function.
In a second approach, we determined the number of immunoreactive synaptic boutons at P12, again by analyzing ROIs in the central LSO (120 ϫ 70 m 2 ). We distinguished between a purely GlyT2-immunopositive, a purely GAD65/67-immunopositive, and a mixed phenotype (Fig. 11A 1 -B 3 ). In Ca V 1.3
, the number of purely GlyT2-immunopositive boutons was 1.4-fold lower than in WT (WT, 1161.6 Ϯ 116.8, n ϭ 12 ROIs in 3 animals; Ca V 1.3 Ϫ/Ϫ , 815.6 Ϯ 71.5, n ϭ 12 ROIs in 3 animals; p ϭ 0.018; Fig. 11C ), In contrast, GAD65/67-immunopositive boutons were ϳ1.7-fold more abundant in Ca V 1.3 Ϫ/Ϫ compared to WT (WT, 234.1 Ϯ 28.2; n ϭ 12 ROIs in 3 animals; Ca V 1.3
, 390.6 Ϯ 64.9; n ϭ 12 ROIs in 3 animals; p ϭ 0.044; Fig. 11C ). Both results are in line with the gray 11C ). The relative frequency of the three bouton types amounted to 28% GAD65/67, 65% GlyT2, 7% mixed in Ca V 1.3 Ϫ/Ϫ versus 15% GAD65/67, 81% GlyT2, 4% mixed in WT (Fig. 11D) , further illustrating the difference between genotypes. In summary, the immunohistochemical results provided further evidence that the shift from GABAergic to glycinergic transmission in the MNTB-LSO projection is controlled by Ca V 1.3 activity.
Unchanged NMDA component of the MNTB-LSO circuit
Early in postnatal development, neurotransmission in the MNT-B-LSO synapses involves glutamate corelease (Gillespie et al., 2005; Case and Gillespie, 2011) which is crucially important for synapse refinement, suggesting that NMDA receptors play an important role in this process (Noh et al., 2010) . As impaired NMDA receptor function may underlie the observed developmental defects in Ca V 1.3 Ϫ/Ϫ , we assessed whether NMDA receptor-mediated transmission from MNTB to LSO is changed in Ca V 1.3 Ϫ/Ϫ . In P4 -P6 animals, MNTB axons were stimulated in Mg 2ϩ -free ACSF in the absence of any drugs. The glutamatergic component in the PSCs was isolated by application of 1 M strychnine and 10 M gabazine. Then, 50 M NMDA receptor antagonist D-AP5 was applied, and the sensitive component was obtained by digital subtraction (Fig. 12 A, blue traces) . In some cases, a remaining component was observed, which was blocked by addition of the AMPA/kainate receptor antagonist CNQX (20 M). Remarkably, the NMDA receptor-mediated component did not differ between the genotypes (WT, 2.7 Ϯ 1.3%, n ϭ 9; Ca V 1.3 Ϫ/Ϫ , 3.1 Ϯ 1.2%, n ϭ 7; p ϭ 0.84; Fig. 12 B) . We cannot exclude the possibility that NMDA receptor mediated transmission is altered at a later stage of development. However, the glutamatergic component of the MNTB-LSO circuit declines after the first postnatal week (Case and Gillespie, 2011) , implying that we examined NMDA receptor function within the time window in which it is most crucially needed for refinement of the MNTB-LSO circuit. Together, our results argue against the idea that impaired NMDA receptor function underlies the observed defects seen in Ca V 1.3 Ϫ/Ϫ .
Discussion
We have investigated the development of an inhibitory neuronal map in the presence and absence of functional Ca V 1.3 calcium channels. Using patch-clamp recordings in combination with minimal and maximal stimulation or caged glutamate photolysis, and using single axon tracing of the auditory MNTB-LSO projection and immunohistochemistry, three major findings were obtained. First, strengthening and elimination of synaptic connections, the two major processes underlying topographic refinement in this brainstem pathway, were severely impaired in Ca V 1.3
mice at the time of hearing onset. The lower single axon strength in Ca V 1.3 Ϫ/Ϫ was in line with reduced mIPSC amplitudes and a smaller number of boutons on single MNTB axons. Second, the mediolateral topography was less precise. Third, the developmental shift from a mixed GABA/ glycinergic to a purely glycinergic transmission before hearing onset did not occur in Ca V 1.3 Ϫ/Ϫ . Our findings establish that the development of the inhibitory MNTB-LSO projection crucially depends on functional Ca V 1.3 channels, providing new mechanistic insight into the maturation of inhibitory circuits.
Strengthening and elimination of synaptic connections
Our results show that both components of synaptic refinement, elimination of redundant synapses and strengthening of the remaining ones, are affected in the MNTB-LSO projection of Ca V 1.3 Ϫ/Ϫ mice. This illustrates a mechanistic role of functional Ca V 1.3 channels in each of these two opposing key steps and their central importance for activity-related formation of inhibitory circuits. The central role of Ca V 1.3 is in contrast to the situation of the glutamatergic whisker relay synapses in the thalamus, where deletion of the glutamate receptor subunits GluA3 and/or GluA4 resulted in impaired strengthening of synapses, whereas elimination proceeded normally (Wang et al., 2011) , implying that the two processes are dissociated at the level of GluA3/GluA4 signaling. Whether elimination and strengthening remain mechanistically related in the MNTB-LSO projection or become dissociated downstream of the Ca V 1.3-mediated signaling remains to be demonstrated. Likewise, it is unclear whether strengthening of immature GABA/glycinergic MNTB-LSO synapses precedes the elimination of redundant inputs, as was observed in other systems (Hashimoto and Kano, 2003; Coleman et al., 2010) .
Our results add a new and intriguing facet to the overall mosaic that calcium channels form a molecular basis for triggering activity-dependent changes in synaptic strength. This is best known for calcium-permeable NMDA receptors in the hippocampus (Bliss and Collingridge, 1993 ), yet it was also reported for L-type channels in the hippocampus (Kasyanov et al., 2004) , NMDA receptors in the brainstem (Rudhard et al., 2003) , NMDA receptors and L-type channels in the superior colliculus (Lo and Mize, 2000; Zhao et al., 2006) and Ca V 1.1 L-type channels in the neuromuscular system (Chen et al., 2011) , as well as Ca V 2.1 P/Q-type channels in the cerebellum (Hashimoto et al., 2011) . To regulate the transcription machinery, calcium signals have to be conveyed from the site of their generation in the cytoplasm to the cell nucleus. Obviously, this occurs via different routes and possibly with different kinetics, depending on the source and amplitude of calcium influx (Greer and Greenberg, 2008) . Spontaneous activity and peripheral or central location of Ca V 1.3 channels As the impaired synaptic refinement of the inhibitory MNTB-LSO projection in the absence of Ca V 1.3 channels becomes manifest before hearing onset, the activity-related role of these channels must be associated with spontaneous activity. Spontaneous cochlear activity before hearing onset, involving Ca 2ϩ spikes that trigger glutamate release from inner hair cells (IHCs), is well documented (Beutner and Moser, 2001; Tritsch et al., 2007) . Remarkably, the Ca V 1.3 channels are indispensable for exocytosis (Platzer et al., 2000; Brandt et al., 2003) , leading to a deprivation of the central auditory system from peripheral activity in Ca V 1.3 Ϫ/Ϫ mice. Thus, it is tempting to conclude that the impaired synaptic refinement results from the lack of cochleadriven activity. However, we question this scenario because otoferlin Ϫ/Ϫ mice display no impaired MNTB-LSO circuit development until hearing onset (nothing is known thereafter) (Noh et al., 2010) . Synaptic transmission from IHCs is otoferlin dependent (Roux et al., 2006; Beurg et al., 2010) ; therefore, otoferlin Ϫ/Ϫ mice are deprived of cochlea-driven spontaneous activity, like Ca V 1.3 Ϫ/Ϫ mice. Alternatively, we postulate that proper calcium influx via Ca V 1.3 channels located directly in the MNTB-LSO circuit (on-site) is crucially required for normal circuit development. We also think it unlikely that alterations upstream of the MNTB-LSO circuit are pivotal, as synaptic transmission from the cochlear nuclear complex to MNTB neurons appears to be only slightly altered in Ca V 1.3 Ϫ/Ϫ close to hearing onset, becoming more strongly altered thereafter (Erazo-Fischer et al., 2007) . A striking malformation of the LSO, as observed in Ca V 1.3 Ϫ/Ϫ , is also obvious in brainstem-specific Ca V 1.3 knock-out mice (Satheesh et al., 2012) , providing further arguments for an essential contribution of on-site channel loss to the impaired development. Interestingly, the brainstem-specific Ca V 1.3 knock-out mice display altered auditory brainstem responses which, in case of increased amplitudes in wave III, point toward a higher excitability of superior olivary complex neurons (Satheesh et al., 2012) . Based on our data, the higher excitability may be well explained by an impaired development of the inhibitory MNTB-LSO circuit. A final differentiation between the roles of peripheral versus central Ca V 1.3 channels will require cochlea-specific deletion of Ca V 1.3, and the generation of such knock-out mice is underway.
As LSO neurons express functional Ca V 1.3 channels , it is likely that the lack of Ca V 1.3 in the LSO neurons themselves is the crucial factor generating the observed defects. What may cause opening of postsynaptic Ca V 1.3 channels in the inhibitory MNTB-LSO circuit? At least two scenarios are to be considered. First, the GABA/glycinergic synapses in the MNTB-LSO pathway are depolarizing until P5-P8 due to a high intracellular chloride concentration in LSO neurons . As a consequence, they provide a robust excitatory source and can activate Ca V channels (Kullmann et al., 2002) . Second, immature GABA/glycinergic MNTB-LSO synapses also release glutamate, which activates postsynaptic NMDA receptors (Gillespie et al., 2005) . The glutamatergic component may also indirectly activate Ca V 1.3 channels. Its developmental importance is demonstrated by mice lacking the vesicular glutamate transporter 3: these mice also display an impaired refinement of the MNTB-LSO projection (Noh et al., 2010) . In the present work, we demonstrate that the NMDA receptor-mediated component itself is unchanged in Ca V 1.3 Ϫ/Ϫ , arguing against the idea that impaired NMDA receptor function underlies the observed defects.
To open Ca V 1.3 channels postsynaptically, the MNTB neurons must be electrically active. The lack of glutamate release from IHCs of Ca V 1.3 Ϫ/Ϫ mice does not necessarily result in silencing of all central auditory regions, as another element along the neural path could generate similar activity when the primary pacemaker-like element is disrupted (Blankenship and Feller, 2010) . Indeed, spontaneous activity in the cochlear nuclear complex has been reported in mice with a dysfunctional cochlea (Youssoufian et al., 2008) . Interestingly, Ca V 1.3 channels may fulfill a slightly different role than Ca V 1.2 channels to provide activity-related signaling for gene regulation, because they open already at Ϫ55 mV, which is 20 -25 mV lower than the value for Ca V 1.2 (Lipscombe et al., 2004) . Thus, they can mediate longlasting calcium influx upon relatively weak depolarization.
Imprecise topography and remaining GABAergic component
Our findings of a crude mediolateral topography in Ca V 1.3 Ϫ/Ϫ at P10 -P12, and a similar number of MNTB axons projecting to one LSO neuron at P2-P4 in WT and Ca V 1.3 Ϫ/Ϫ , corroborate the general view that the formation of a coarse topographic map is largely independent of neural activity, and rather the result of predetermined genetic programs. Not much is known about the mechanisms that establish an initially crude topography in the auditory brainstem, but Eph protein signaling appears to be involved (Huffman and Cramer, 2007) . Which steps of the development of topography in the auditory brainstem are influenced by cochlea-driven activity is subject to an ongoing discussion (Kandler et al., 2009) . Our results of a less precise topography in Ca V 1.3 Ϫ/Ϫ than in WT provide further evidence for the role of activity in fine tuning neuronal circuitry.
The immature MNTB-LSO projection involves corelease of GABA and glycine in mice, but only the faster glycinergic component remains during development (Nabekura et al., 2004; Kim and Kandler, 2010) . The change is reflected by a downregulation of GAD65 (Nabekura et al., 2004) and an upregulation of GlyT2 (Friauf et al., 1999) . Corelease of both transmitters is the main mode of inhibitory transmission in the immature spinal cord and brainstem (Jonas et al., 1998; O'Brien and Berger, 1999; Chéry and de Koninck, 1999; Russier et al., 2002) , and a shift from GABAergic to glycinergic neurotransmission is common for these structures (Gao and Ziskind-Conhaim, 1995; Kotak et al., 1998; Keller et al., 2001; Turecek and Trussell, 2002; Nabekura et al., 2004) . To the best of our knowledge, we provide the first experimental evidence that this shift may be governed by Ca V 1.3 channels. Moreover, our physiological and histological results imply that the specification of particular inhibitory neurotransmitter phenotype may be activity dependent.
In summary, we conclude that L-type channels of the Ca V 1.3 type are essential for the development of inhibitory projections, including synaptic refinement as well as the achievement of topographic precision and neurotransmitter phenotype.
